Abstract: Dampness, moisture, and mold in buildings are associated with adverse health outcomes. In addition to fungi and bacteria, amoebae have been found in moisture-damaged building materials. Amoebae and a growing list of bacteria have been shown to have mutual effects on each other's growth, but the interactions between amoebae and microbes common in moisture-damaged buildings have not been reported. We co-cultivated the amoeba Acanthamoeba polyphaga with bacteria and fungi isolated from moisture-damaged buildings in laboratory conditions for up to 28 days. The microbes selected were the bacteria Streptomyces californicus, Bacillus cereus, and Pseudomonas fluorescens, and the fungi Stachybotrys chartarum, Aspergillus versicolor, and Penicillium spinulosum. Fungi and bacteria generally benefited from the presence of the amoebae, whereas the growth of amoebae was hindered by Streptomyces californicus, Stachybotrys chartarum, and Bacillus cereus. Pseudomonas fluorescens slightly enhanced amoebae viability. Amoebae were indifferent to the presence of Aspergillus versicolor and Penicillium spinulosum. Thus, our results show that amoebae can alter the survival and growth of some microbes in moisture-damaged buildings.
Introduction
Dampness, moisture, and mold in buildings are associated with adverse health outcomes (Husman 1996; Peat et al. 1998) . The pathophysiology of the resulting symptoms and diseases is largely unknown; rather they are characterized by their diversity than by a simple typical syndrome (Nevalainen 2002) . Furthermore, it has proved difficult to identify causal connections between individual exposing agents and health outcomes. It is evident that building dampness and moisture are critical etiological factors enabling the growth on building materials of a variety of microorganisms, ranging from bacteria and fungi to protozoa and mites (Korsgaard 1983; Hyvärinen et al. 2002; Yli-Pirilä et al. 2004) .
Despite extensive research pinpointing the microbes that inhabit the moisture-damaged buildings, the significance of each species in relation to health outcomes is still largely unresolved. In fact, the microbial inhabitants of a building can be considered as an intricate ecological network of organisms that may cause emissions of both microbial particles and volatile organic compounds into the indoor air (Kildesø and Nielsen 1997; Korpi et al. 1998; Foarde et al. 1999; Górny et al. 2001) . Thus, the exposure in moisture-damaged buildings originates from a complex system, and the overall effects of this exposure may consist of interactions between the microorganisms.
Our recent study revealed that in addition to fungi and bacteria, amoebae are also commonly present in moisturedamaged and moldy building materials (Yli-Pirilä et al. 2004 ).
Amoebae were often found to occur in the same locations as certain fungi that are found in moisture-damaged buildings (Samson et al. 1994; Yli-Pirilä et al. 2004) . A strong correlation was also found between the occurrence and abundance of amoebae and bacteria. The relationship between amoebae and bacteria is of special interest because some bacteria have been shown to survive and even multiply inside amoebae.
The growth of many pathogenic bacteria, such as Legionella pneumophila (Rowbotham 1980) , and others (e.g., see Winiecka-Krusnell et al. 2002; Abd et al. 2003) in the presence of amoebae in vitro has been documented. In studies where the effects on amoebae were investigated, the number of the viable amoebae usually declined when they were incubated with pathogenic bacteria (Bottone et al. 1994; Newsome et al. 1998; Abd et al. 2003) . In contrast, some common environmental bacteria including Pseudomonas fluorescens and Klebsiella aerogenes are a food source to amoebae and thus sustain their growth (Weekers et al. 1993) . The interaction between bacteria and amoebae may also be mutually beneficial, as has been described for a verocytotoxin-producing strain of Escherichia coli (Barker et al. 1999 ). In addition, some environmental and clinical acanthamoebae harbor natural bacterial endosymbionts (Fritsche et al. 1993) . Earlier research has also revealed that amoebae can increase the invasiveness and virulence of some Mycobacteria and Legionellae (Cirillo et al. 1994 (Cirillo et al. , 1997 .
Thus, there are several mechanisms of interaction between bacteria and amoebae, some of which could also take place in moisture-damaged building materials. Amoebae may have the potential to affect the microorganisms present in moist building materials and vice versa. Earlier studies on the interactions between amoebae and bacteria have mainly been concerned with the effects on the bacterium; the effects on the amoeba have been largely ignored.
In this study, the interactions between microbes from moisture-damaged buildings and amoebae were investigated in laboratory conditions. The microbes used in the study were fungi and bacteria occurring in association with moisture damage. The aim of this study was to evaluate whether amoebae and the fungi or bacteria can have an impact on each other's growth and viability.
Materials and methods

Preparation of amoebal suspension
A representative of ubiquitous free-living amoebae, Acanthamoeba polyphaga (ATCC 30461, American Type Culture Collection, Manassas, Virginia, USA), was grown in 50 mL Cellstar tissue culture flasks (Greiner Bio-One GmbH, Frickenhausen, Germany) containing 5 mL of peptone yeast glucose (PYG) broth (Page 1976; Rowbotham 1983) . Approximately 10 5 amoebae in 0.25 mL of suspension were then added to 5 mL of PYG broth and grown at 25°C in tissue culture flasks. After 7 days of incubation, the PYG broth was carefully removed to leave a layer of amoebae on the bottom of the flask. Several replicate flasks were prepared at the same time. Each flask was washed once with 10 mL of sterile Rainbow spring water (Inex Partners Ltd., Espoo, Finland) and the cells were suspended in 5 mL of spring water. Replicates were pooled and the resulting suspension of amoebae was concentrated by centrifugation at 1000 r/min (1 r = 2πrad; approximately 200g) for 10 min in a Sorvall GLC-3 centrifuge (Du Pont Instruments, Newtown, Connecticut, USA). The numbers of viable and total amoebae in the suspensions were counted in a Bürker chamber (Fortuna, Germany) after the application of trypan blue vital stain (Sigma-Aldrich Corp., St. Louis, Missouri, USA), which stains nonviable cells blue but which is excluded from living cells.
Preparation of bacterial and fungal suspensions
Pure cultures of three bacterial and three fungal strains were used in the study. The strains were isolated from indoor air or from building material samples of a building with documented moisture damage. Pure cultures were held at -78 to -80°C until thawed prior to the start of the study. Each strain of bacteria was grown at 25°C for 7 days on tryptone -yeast extract -glucose (TYG) agar plates (Difco Laboratories, Franklin Lakes, New Jersey, USA) and the resulting bacterial colonies were harvested by gentle scraping with a sterile 10 µL plastic loop and suspended in 5 mL of sterile spring water. The concentrations of bacteria in these suspensions were measured in triplicate by staining with 0.01% (m/v) Acridine Orange and direct counting (Hobbie et al. 1977 ) using an Olympus BH-2 epifluorescence microscope (Olympus Optical Co., Tokyo, Japan). Two hundred bacterial cells or a maximum of 20 fields were counted. Fungi were cultivated on malt extract agar plates (Difco) at 25°C for 7 days. Spores were collected in 5 mL of sterile spring water by tapping the colonies very gently with a wetted 10 µL plastic loop. The concentrations of the spores in the suspension were counted using a Bürker chamber without trypan blue staining. The concentrations of viable bacteria and fungi in the suspensions were determined by the dilution plating method (Hyvärinen et al. 2002) . The suspensions were stored at 4°C overnight.
Co-culture
In this paper, fungal and bacterial samples grown with amoebae are called co-cultures and those grown alone are denoted as controls. All cultures were grown in cell culture flasks. Each bacterial or fungal suspension was incubated with amoebae in 20 mL of sterile spring water at 25°C for 28 days. The samples were inoculated with up to 10 7 fungal spores or bacteria and up to 10 5 amoebic cells per millilitre. The ratios between the concentrations of bacteria or fungal spores and amoebae were between 10 and 100 bacteria or fungal spores to one amoeba. After inoculation, the concentrations of the bacteria, amoebae, and fungal spores were determined from the suspension and the results were used as the initial concentration. Co-cultures were done in triplicate for each bacterial and fungal strain. For the control, triplicate flasks of each strain and also the amoebae alone were cultured. The experiments were conducted in two series: first with bacteria and then with fungi. The concentrations of bacteria, fungi, and amoebae were determined in the beginning (day 0) and at 1, 3, 7, 21, and 28 days of the culture period.
The concentrations of viable and total amoebae were counted with the Bürker chamber and application of the trypan blue stain. Before the analyses for bacteria and fungal spores, amoebae were lysed by drawing the suspension five times through a 27-gauge needle (Moffat and Tompkins 1992) . The concentrations of total bacteria were measured using the Acridine Orange and direct counting method and the concentrations of viable bacteria were determined by culturing on TYG medium (25°C for 7 days). In the case of Bacillus cereus, the exact concentration of viable bacteria could not be determined because the strain did not form distinct colonies but grew with feathering thread-like growth on TYG. Instead, we estimated the concentration taking into account only the most dilute plating where bacterial growth was visible, and assuming that the growth was a single colonyforming unit. The numbers of total fungal spores were counted using the Bürker chamber, and the concentrations of viable spores were measured by culturing on malt extract agar medium (25°C for 7 days).
Statistical analyses
The aim of the analysis was to find out whether there were statistically significant differences between the controls (microbe alone) and the co-cultures (amoebae with fungi or bacteria) in any of the time points monitored during the incubation. Statistical analyses were carried out using SPSS version 12.0.1 (SPSS, Chicago, Illinois, USA). The microbial data were log-transformed and analyzed with a linear mixed model, which is suitable for multivariate data from repeated measures (Cnaan et al. 1997) . The analyses were performed separately for each microbe and were run one at the time for each dependent variable (i.e., the logtransformed viable and total counts). The incubation time and presence of amoebae were set as factors in the model. Their interaction term was found to be statistically significant and was thus also included in the model. The within sample dependence was taken into account using compound symmetry form for the covariance structure. The mean differences between the co-cultures and the controls were compared individually in each incubation endpoint using contrasts. The differences between the co-cultures and the controls were considered significant at p < 0.05.
Results
The effect of amoebae on the bacteria
The viable and total numbers of all three bacteria (Streptomyces californicus, Bacillus cereus, and Pseudomonas fluorescens) were higher in the presence of amoebae than without amoebae. The differences were statistically significant except in the case of viable numbers of Bacillus cereus (Fig. 1) . The viable counts of Bacillus cereus were, however, unreliable because of the estimation of growth. The positive effect of amoebae on the propagation of Streptomyces californicus was gradual, whereas the effect on Bacillus cereus and Pseudomonas fluorescens was a prompt increase in the numbers of the bacteria.
When incubated with amoebae, the numbers of Streptomyces californicus increased in co-cultures compared to controls. The highest bacterial counts were reached at day 7 (viable) and at day 21 (total) (Figs. 1A and 1D ). In contrast, for the other two bacterial strains the highest numbers were observed at day 1. The bacterial counts in co-cultures of Bacillus cereus decreased after the growth maximum. There was a similar trend in the counts in the Bacillus cereus controls, although the counts in co-cultures remained significantly larger than in controls throughout the whole experiment (Figs. 1B and  1E ). The numbers of Pseudomonas fluorescens bacteria decreased only slightly after the initial growth peak (Figs. 1C and 1F ). There were no large changes in the numbers of viable or total bacteria in Pseudomonas fluorescens controls.
The effect of bacteria on amoebae
When the effect of Streptomyces californicus on the amoebae was studied, there were initially no significant differences observed between co-cultures and controls. From day 7 (viable counts) and day 14 (total counts) the numbers of amoebae were statistically significantly lower in the co-cultures than in the controls ( Figs. 2A and 2D ). Upon incubation with Bacillus cereus, the number of total amoebae in cocultures was initially at the same level as in controls. After day 14 of the incubation period the numbers decreased below those in the controls (Figs. 2B and 2E ). With Pseudomonas fluorescens, the number of viable amoebae was statistically significantly higher in co-cultures than in controls on days 7 and 21. The number of total amoebae was statistically significantly lower in the co-cultures than in the controls on days 3 and 14 (Figs. 2C and 2F ).
The effect of amoebae on fungi
When Stachybotrys chartarum was incubated with amoebae, the number of viable spores in co-cultures decreased statistically significantly below the level in controls at days 14 and 21, and at day 1 for the total number of spores (Figs. 3A and  3D ). At the end of the trial there were no statistically significant differences observed between the co-cultures and the controls. For Aspergillus versicolor, the number of total spores was statistically significantly higher in co-cultures than in controls during the first 3 days of incubation, but no statistically significant differences were observed between the co-cultures and the controls in terms of the number of viable spores (Figs. 3B and 3E) .
In cultures of the fungus Penicillium spinulosum and amoebae, the fungal spore concentrations were statistically significantly higher in co-cultures than in controls (Figs. 3C and  3F ). In the co-cultures, the numbers of both viable and total spores stayed at the same level or even slightly increased from the initial level, whereas in the controls the concentrations de- clined within the first 24 h and then plateaued at a level of approximately one-quarter of the initial concentration.
The effect of fungi on amoebae
Except for Stachybotrys chartarum, no statistically significant differences between co-cultures and controls were observed in the co-incubations of amoebae and fungi (Fig. 4) . For Stachybotrys chartarum, the numbers of both viable and total amoebae in co-cultures decreased below those in controls after 1 day of incubation until statistically significant differences were no longer observed at and after day 14 of incubation ( Figs. 4A and 4D) . With respect to the number of total amoebae, the counts in the co-cultures were statistically significantly smaller than in the controls almost throughout the whole trial.
Discussion
We detected various interactions between amoebae and microbes that typically grow on moisture damaged building materials. In earlier studies, the artificially induced interactions of certain amoebae and bacteria have resulted in an assortment of outcomes. The most often reported outcome is that the bacterium benefits from interaction with amoebae, whereas the interaction is harmful to the amoebae (e.g., Bottone et al. 1994; Newsome et al. 1998; Abd et al. 2003) . The recently introduced term "amoeba-resistant microorganism" refers to this type of interaction between the microbe and amoebae, but also includes all other interactions that do not result in the destruction of the microbe (Greub and Raoult 2004) . In our results, the trend of interaction beneficial to bacteria and nonbeneficial to amoebae was observed in the interactions between the amoebae and Streptomyces californicus and possibly with Bacillus cereus. With respect to the interaction with Bacillus cereus the viable results may be questionable, since it was so difficult to quantify the numbers of these bacteria. Different interactions were also observed. The bacterium Pseudomonas fluorescens benefited from the presence of the amoebae, but also amoebae slightly benefited from the presence of these bacteria. The fungi Aspergillus versicolor and Penicillium spinulosum benefited from the presence of amoebae to different degrees, whereas amoebae were indifferent to the presence of those fungi. In the co-culture of the fungus Stachybotrys chartarum and amoeba, the interaction was detrimental to both species, but towards the end of the experiment, both organisms seemed to have adjusted to the presence of the other. Thus, all the bacteria and fungi used in this study were amoeba-resistant in the sense that none was completely destroyed by the presence of amoebae, but whether internalization and consequent digestion in amoebae took place remains to be studied.
The bacteria and fungi selected for the study represent a good spectrum of moisture-damaged building microbes. Bacteria of the Gram-positive genus Streptomyces have been often isolated from water-damaged buildings, but they are usually not present in the indoor air samples taken in healthy buildings (Nevalainen et al. 1991) . Bacillus cereus and Pseudomonas fluorescens represent Gram-positive and Gram-negative bacteria, respectively, which are common in the environment and indoor air (Nevalainen 1989; Andersson et al. 1999) . The presence of Stachybotrys spp. and Aspergillus versicolor in the indoor air is considered to indicate mold damage in the building (Samson et al. 1994) . Large concentrations of Penicillium spp. have also been detected in the indoor air of moisture-damaged buildings (Hyvärinen et al. 1993) .
In this study, Streptomyces californicus significantly reduced the viability and survival of amoebae, while the bacterium benefited from the presence of amoebae. The amplification of the growth of bacteria in the presence of amoebae could have been induced either by reproduction inside the amoebae or by the provision of nutrients owing to the breakdown of amoebic cells. The lysis of amoebae often witnesses bacterial growth, but since this strain of Streptomyces californicus has previously been shown to be cytotoxic (Huttunen et al. 2003) , the death of amoebae may also have been caused by the production of bacterial toxins (Andersson et al. 1998) .
The co-incubation of amoebae and Bacillus cereus resulted in the proliferation of the latter species whereas the concentration of amoebae declined slightly towards the end of the trial. Amoebae might have been killed by the accumulation of toxic substances produced by the bacterium into the growth medium, since in a recent study the cytotoxicity of this strain of Bacillus cereus to mouse macrophages was at the same level or even stronger than that of Streptomyces californicus (Huttunen et al. 2003) .
Our results show evidence of a positive effect of amoebae on the growth of Pseudomonas fluorescens. Also, amoebae slightly benefited from the presence of Pseudomonas fluorescens. Following the early growth peak of bacteria, the number of amoebae significantly decreased. However, the concentrations of amoebae recovered, which was in turn seen as a decrease in the numbers of bacteria. The growth dynamics of the bacteria and the amoebae may indicate that the interaction of amoebae and Pseudomonas fluorescens is possibly cyclic in nature, as amoebae feed on this bacterium (Weekers et al. 1993 ). Other Pseudomonas have been found inside environmental amoebae (Michel et al. 1995) . In this experiment, however, intra-amoebic growth of bacteria was not assessed.
The present results indicate that of the three fungi studied, only Stachybotrys chartarum has a significantly negative effect on the growth of amoebae. In the presence of Aspergillus versicolor or Penicillium spinulosum, the growth of amoebae was not affected, but both fungi benefited from the presence of amoebae, with Penicillium spinulosum clearly benefiting more than Aspergillus versicolor. These fungi were possibly able to use the by-products released by the growth or breakdown of amoebae. Such saprophytic growth would be consistent for that earlier described for Burkholderia cepacia (Marolda et al. 1999) . For co-cultures with Stachybotrys chartarum, after the initial shock the fungus and amoebae seemed to adjust to each other's presence. However, the concentrations of amoebae showed a decreasing trend at the very end of the experiment.
To our knowledge, the interaction of fungi and amoebae has rarely been studied. However, studies have addressed the effect of fungal spores on human and murine macrophages (e.g., Shahan et al. 1998; Murtoniemi et al. 2002; Huttunen et al. 2003) . Amoebae and macrophages share many charac- teristics, such as several similar cell surface receptors and similar methods to kill ingested bacteria, as reviewed by Cirillo (1999) . Our results show similar trend in terms of the effects of fungi on the viability of amoebae as these same strains exert on macrophages. The cytotoxicity of fungal spores on macrophages has been shown to decrease in the order Stachybotrys chartarum > Aspergillus versicolor > Penicillium spinulosum (Huttunen et al. 2003) . Presently, Stachybotrys chartarum was also most harmful to amoebae, whereas the other two fungi had little effect on amoebae.
In the current study, amoebae and microbes from moisturedamaged buildings seemed to affect each other, with this being more clearly apparent for bacteria than for fungi. However, many factors affect the outcomes of amoebamicrobe interactions, such as the incubation temperature, the ratios between the numbers of amoebae and microbes, and the growth media (Wang and Ahearn 1997; Marolda et al. 1999; Birtles et al. 2000; Greub et al. 2003) . Thus, our results may be mainly applicable to these specific experimental conditions, and the outcomes of interactions among the microbes could be different, such as when the relative concentrations and growth conditions vary. Moreover, in moist building materials there always is a large variety of organisms present. All these confounding factors limit the extrapolation of the results derived in the laboratory to the real environment. While more studies are needed to reveal specific types of interactions, our results show that amoebae alter the survival and amplification of some microbes that are common in moisture-damaged buildings. More studies are needed to elucidate the causes and mechanisms of the interactions found.
Our results indicate that the presence of amoebae in moisturedamaged buildings can affect the microbes present, and thus can add to the diversity of interactions that may result in health effects in conjunction with mold and moisture problems.
